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The First Stars 

Abel, et al. Science (2002) Bromm, et al. Nature (2009)



The First Stars 

Abel, et al. Science (2002) Bromm, et al. Nature (2009)

Mass Scale ~ 100 M⊙   



MS Mass                 He Core              Supernova Mechanism

   The Death of  Massive Stars
             

10 ≤ M ≤ 85         2 ≤ M ≤ 32           Fe core collapse to a  
                                                            neutron star or black hole

80 ≤ M ≤ 150       35 ≤ M ≤ 60         Pulsational pair instability
                                                             followed by core (PPSN)   

150 ≤ M ≤ 250     60 ≤ M ≤ 133       Pair instability supernova
                                                              (PSN)  

250 ≤ M                 133 ≤ M               Black holes ??

Woosley, Heger, & Weaver (2002) 

Mass Unit: solar mass ⊙
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• Accessibility in research 



Multi-D SN Simulations 
   1D Models 
         80 - 150 M⊙ Stars (Woosley+ 2007, priv. comm.)
       150 - 250 M⊙ Stars (Heger & Woosley 2002, 2010)

  
   CASTRO  (DOE SciDAC, LBNL CCSE )
        Massive Parallel,  Adaptive Mesh Refinement (AMR),  Multi-D,    
        Radiation, Hydro+( Burning, Rotation, GR ... )
        (Almgren+ 2010,  Zheng+ 2011 2012, Chen+ 2011 2013) 

 
  NERSC Supercomputers 
 

Franklin EdisonHopper
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3D Resolution of  CASTRO !
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Over Billion Zones  
Need more NERSC Time !!

3D !!!



150 M⊙ > M* > 80 M⊙

Pulsational Pair-Instability  Supernovae (PPSNe)

Chen+ ApJ 792 28 (2014a)
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Physical Properties of  Colliding Shells

Ofek, E. O., et al. Nature (2013)
Heger Nature (2013)



Mixing of  PPSNe



260 M⊙ > M* > 150 M⊙

Pair-Instability  Supernovae (PSNe)

Chen+ ApJ 792 44 (2014b)



Explosive Burning of  150 M⊙ Star  



Explosive Burning of  150 M⊙ Star  



Exploding 200 M⊙ Star  (2007 bi)



Exploding 200 M⊙ Star  (2007 bi)



Mixing of  PSNe



Sedov, 1959

(Rayleigh–Taylor instability)

How does mixing occur?



Model
Mass
[M⊙]

Core
[M⊙]

E
[10 52 erg]

Ni
[M⊙]

Instab. Mixing

B150 150 67 1.29 0.07 Burning weak

B200 200 95 4.14 6.57 Burning weak

B250 250 109 7.23 28.05 Burning weak

R150 150 59 1.19 0.10 Rev. Strong

R200 200 86 3.43 4.66 Rev. Strong

R250 250 156 ... ... ... ...

Results
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The Gamma-Ray emission for PSNe is unlikely.
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Super Luminous SNe

Smith+ 2007



Super Luminous SNe

Smith+ 2007

SN 2006gy

110 M⊙ model

1D light curve from Woosley et al, Nature 2007



M*>> 100 M⊙

GR Instability  Supernovae (GSNe)

Chen+ ApJ 790 162 (2014c)





Chen, Physics Today, Jan. 2015 
Chen, Monthly Images, Nature, Oct. 2014
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Big impact to the early Universe ! 

Take Home Message I

With the help of NERSC



450 Million after the Big Bang (HUDF)
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Bromm, & Yoshida  (2011)
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Characters of  the First Galaxies
Bromm, & Yoshida  (2011)

•  Mass scale ~ 108 M⊙

•  Redshift ~ 10 
•  Self-bound system. 
•  Affected from the previous stellar feedback
•  Hosted the Pop III and Pop II stars



Characters of  the First Galaxies
Bromm, & Yoshida  (2011)

•  Mass scale ~ 108 M⊙

•  Redshift ~ 10 
•  Self-bound system. 
•  Affected from the previous stellar feedback
•  Hosted the Pop III and Pop II stars



Cosmological Simulations

Gadget-2   ( Springel 2005) 
    1. Star formation
     2. Radiative transfer
     3. Diffusion mixing
     4. Chemical cooling 

     Bromm+ 2002,2003    Johnson+ 2007

      Greif+ 2009, 2010        Jeon+ 2012
  

 Possible radiative feedbacks                    

    1. Ionizing photons      

     2. SN shock reheating  

     3. X-Ray Binaries

Chemical enrichment
     1. SN feedback 

Chen+ ApJ in press (2015a)
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Magnetar
Chen+ 2015b to be submitted
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Hypernova and GRB !!!
Chen+ 2015c to be submitted
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SN Signatures

 Work in progress with NERSC SC

The First Galaxies
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